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The apple, Malus×domestica Borkh., belongs to the family Rosaceae and subfamily Maloideae and has a genome size of ∼750 Mb. In this
study, a novel family of transposable elements, designated Spring, has been identified in the apple genome. The four Spring elements, Spring-1 to
Spring-4, share all the classic features of miniature inverted-repeat transposable elements (MITEs), including small size (∼148 bp), no coding
potential, A/T richness, insertion bias toward noncoding regions, terminal inverted repeats (TIRs), target site duplications, and potential
for forming secondary structures. Evidence of previous mobility of Spring-4 is demonstrated by sequence alignment of genes encoding
1-aminocyclopropane-1-carboxylic acid synthase from both apple and a related member of the Maloideae subfamily, pear. The Spring elements
are flanked by either 8- or 9-bp direct repeats, and they differ significantly in size compared to other previously reported MITEs in plants. The
TIRs of these Spring elements are not found in any other previously reported plant genes or transposons, except for apple. The possible role of
Spring elements in the apple genome is discussed.
© 2007 Elsevier Inc. All rights reserved.Keywords: DNA-mediated elements; Transposons; MITEs; Spring elementsThe wx-B2 mutation in maize, resulting from a 128-bp
insertion in exon 11 of the maize Waxy gene, led to the
discovery of the first described family of miniature inverted-
repeat transposable elements (MITEs), which was given the
designation Tourist [1]. The Tourist family is rather large, and it
is frequently associated with genes of various cereal grasses
such as maize, barley, sorghum, and rice [2]. Subsequent
analysis of a 257-bp insertion in a sorghum Tourist-Sb5 element
has revealed a second large family of MITEs, designated
Stowaway, that are associated with genes from both mono-
cotyledonous and dicotyledonous plants [3]. Subsequently,
MITEs have been identified in a wide range of organisms,
including fungi [4], humans [5,6], mosquitoes [7], beetles [8],
and teleost fishes [9]. It appears that MITEs from these diverse
organisms share several common features such as small size☆ Sequence data from this article have been deposited with the GenBank Data
Library under Accession Nos. DQ886018, DQ886019, DQ886020, and
DQ886021.
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doi:10.1016/j.ygeno.2007.04.005(b500 bp), conserved terminal inverted repeats (TIRs), target
site specificity, A/T richness, lack of coding potential, and a
propensity to form stable secondary structures.
So far, the mechanism of transposition of MITEs remains
unknown although a DNA-mediated mechanism was pre-
viously suggested [3,6]. This proposed mechanism is based on
the fact that MITEs have TIRs and are generally flanked by
target site duplications (TSDs). However, MITEs differ from
other DNA-mediated elements as they are present in high copy
numbers. As MITEs are highly prolific within genomes, this
suggests that processes other than DNA-mediated mechanisms
are involved in their transposition. Meanwhile, the origin of
MITEs has not yet been clearly elucidated although recent
evidence seems to indicate that some Tourist-like MITEs arose
from active DNA transposons [10–12]. For example, a 430-bp
Tourist-like MITE, mPing, has been reported to be a deletion
derivative of a 5.2-kb transposase-encoding transposable ele-
ment, Ping [13]. The maize P instability factor (PIF), contain-
ing an open reading frame encoding a transposase, and a
Tourist-like MITE family, miniature PIF (mPIF), share identi-
cal TIRs, similar subterminal sequences, and a common TSD
Fig. 1. Positions of Spring-1 and Spring-2 within the two genes encoding
COMT in apple. Black boxes correspond to exons, while white boxes cor-
respond to 5′ and 3′ UTRs. Transposons are indicated by open triangles.
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some MITEs may be attributed to DNA-mediated transposons.
Moreover, as MITEs in both plants and mosquitoes are often
associated with genes, this may also indicate that MITEs are
likely to be involved in a regulatory role in gene evolution [14].
However, there is no convincing evidence to support this
speculative role or effect of MITEs on genes.
In plants, MITE families are divided mainly into two groups,
Tourist-like and Stowaway-like MITEs, based on similarities of
their TIRs and TSDs [12,15]. The TSDs for Tourist-like MITEs
and Stowaway-like MITEs are TAA and TA, respectively. In
this study, we report on the discovery of a novel family of
MITE-like elements, designated Spring, in the apple (Malus×
domestica Borkh.) genome. The TSDs of Spring elements
differ from those of all other MITE families identified in plants.
This discovery will provide new information regarding MITEs
and help in our understanding of the sequence composition of
the apple genome. In addition, we explore the possible role of
Spring elements in DNA variation.
Results
Discovery of Spring, a novel family of MITE-like elements
Four genomic clones containing full-length open reading
frames of genes encoding caffeic acid O-methyltransferases
(COMT) were isolated. The four genes were labeled Mdomt1,
Mdomt2, Mdomt3, and Mdomt4, and their genomic DNA
sequences were deposited with NCBI under GenBank Acces-
sion Nos. DQ886018, DQ886019, DQ886020, and DQ886021,
respectively. The isolated genomic clone of Mdomt3 showed
97% nucleotide sequence identity to that of Mdomt1. Likewise,
Mdomt2 and Mdomt3 showed 96% nucleotide sequenceFig. 2. Multiple sequence alignments of Spring elementsidentity. Due to the high nucleotide sequence identity detected
among the four genes, only two of these genes, Mdomt1 and
Mdomt2, will be presented in this study.
The discovery of Spring elements is an unexpected finding
from nucleotide sequence alignments between Mdomt1 and
Mdomt2. These two genes show differences in DNA sequences
upstream of their transcript start sites. However, two small
fragments ∼148 bp in size, designated Spring-1 and Spring-2,
exhibit 87% sequence identity. Spring-1 and Spring-2 are
located 1639 and 297 bp upstream of the putative start codons
of Mdomt1 and Mdomt2, respectively (Fig. 1). Both Spring-1
and Spring-2 contain a terminal inverted repeat and a flanking
direct repeat, suggesting they may be indeed transposable ele-
ments (Fig. 2).
To characterize the two transposon-like elements further,
their sequences were compared against the NCBI database
using BLAST. Interestingly, two additional Spring elements
were then identified. The first, designated Spring-3, was
detected in intron 3 of a gene encoding α-farnesene synthase
in apple (GenBank Accession No. AY805412). The second,
designated Spring-4, was identified in the 3′ UTR of two apple
genes encoding 1-aminocyclopropane-1-carboxylic acid (ACC)
synthase (GenBank Accession Nos. AB010102 and U89156).
As the genomic DNA of the two genes encoding ACC synthase
show 98% nucleotide sequence identity, only one (GenBank
Accession No. AB010102) was selected and used herein. In
addition, a degenerate sequence, showing similarity to a 3′
fragment of 74 bp in Spring-1, was identified in intron 3 of the
apple flowering locus T (GenBank Accession No. DQ535887).
However, this degenerate sequence was not used for further
analysis as it was incomplete.
Based on the mobility of Spring-4, as described below,
positions of the 5′ and 3′ ends of all Spring elements have been
deduced. Multiple sequence alignments of Spring elements
were then performed (Fig. 2), revealing that all members of this
Spring family share several similar features. First, all four
Spring elements have a conserved 19-bp TIR with an overall
consensus sequence, 5′-GGGGTGTGCTATCCACA__TGTG-
GATATCACACCCC-3′. Second, members of this Spring
family have a target site preference for A/T-rich sequences,
and Spring-1, Spring-2, and Spring-4 are flanked by perfect 8-. Terminal inverted repeats are indicated by arrows.
Table 1
Nucleotide sequence similarities (%) among all four members of the Spring
family
Element Spring-1 Spring-2 Spring-3 Spring-4
Spring-1 100 87 80 87
Spring-2 100 81 81
Spring-3 100 74
Spring-4 100
Fig. 3. Outlines of stem–loop structures of Spring elements. Horizontal lines
correspond to base pairs. Target site repeats immediately flanking the elements
are not shown in the predicted DNA secondary structures.
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are small in size, ∼148 bp, and AT rich, ranging from 58 to
66%. Fourth, Spring elements have relatively high nucleotide
sequence similarities, ranging from 74 to 87% (Table 1). Fifth,
Spring elements have low ΔG values ranging from −30.75 to
−50.56 kcal/mol (Table 2) and a potential to form secondary
structures (Fig. 3). Finally, these Spring elements have no
potential coding regions. All these common features suggest
that these newly discovered Spring elements also have the
typical characteristics of MITEs.
Evidence of previous mobility of Spring elements
Although members of the Spring family appear to have
structural features of transposable elements, it is necessary to
obtain direct evidence for their mobility as they are located in
noncoding regions. To date, the numbers of genomic clones
isolated from apple are very limited. Therefore, at present, it
is difficult to detect the mobility of Spring elements located
within introns using sequence comparisons of genomic DNA
from different sources. Fortunately, Spring-4 is identified in
the 3′ UTR of a gene encoding ACC synthase, and several
alleles and orthologues of this ACC synthase gene have been
isolated from apple and its closely related species, pear. Upon
sequence comparisons of these alleles and orthologues, the
mobility of Spring-4 is clearly displayed when sequence
alignments of cDNAs encoding ACC synthase in apple and
pear are compared (Fig. 4). Both apple and pear belong
to the same subfamily, Maloideae, and cDNAs encoding
ACC synthase reveal 97% nucleotide sequence identity be-
tween apple and pear. The 3′ UTR for a gene encoding ACC
synthase in apple contains Spring-4, which is flanked by a
perfect 9-bp target site duplication (Fig. 4). However, the 3′
UTR of this same gene in pear does not have a Spring
element, yet it contains the target site sequence of Spring-4.
These results clearly demonstrate that Spring-4 integrated
into the apple after the split from a common ancestor with the
pear.Table 2
Features of families of miniature inverted-repeat transposable elements in plants
Element Size (bp) TIR (bp)
Spring 147–148 GGGGTGTGKTATCCACAa
Tourist 113–299 GGGCTTGTTCGGTT
Stowaway 80–323 CTCCCTCCGTT
a K=C/T.Differences in transcript and expression between two genes for
COMT harboring Spring elements in the apple
Expression of both Mdomt1 and Mdomt2 was investigated
using RT-PCR analysis. Sequence alignments of both cDNA
and genomic clones revealed that both transcription start and
termination sites are different between Mdomt1 and Mdomt2.
The transcription start sites of Mdomt1 and Mdomt2 are 151
and 99 bp upstream of the putative start codon, respectively;
while the transcription termination sites of Mdomt1 and
Mdomt2 are 218 and 153 bp downstream of the putative end
codon, respectively. Based on differences in the 3′ UTRs of
these two genes, a pair of gene-specific primers was designed
for studying Mdomt1 gene expression. Meanwhile, sequence
comparisons of the 5′ UTRs showed slight differences between
Mdomt1 and Mdomt2. Based on these differences, another pair
of gene-specific primers was designed for studying Mdomt2
gene expression. Levels of transcript accumulation of both
Mdomt1 and Mdomt2 in different plant tissues indicated that
Mdomt1 is present in buds, flowers, and fruits, but not in
leaves, while Mdomt2 is present in all tissues analyzed (Fig. 5).
Discussion
Several retrotransposons have been detected and reported in
woody perennial plant species [16–19]. However, to our
knowledge, this is the first published characterization of
MITEs in any tree species. TIRs and TSDs are known to be
important features for characterizing transposons. TIRs areTarget site consensus A+T content (%) −ΔG (kcal/mol)
A/T rich, 8 or 9 bp 58–66 30.7–50.6
TAA 53–82 20.1–84.6
TA 68–76 24.7–91.4
Fig. 4. Evidence of mobility of the Spring-4 element in apple and pear. Top, apple “ACS1” (GenBank No. AB010102), and bottom, pear “ACS1” (GenBank No.
AB015624), correspond to the 3′UTRs of genes encoding ACC synthase in apple and pear, respectively. Target site repeats are shown in boldface. Putative end codons
are indicated in dark-shaded boxes. Dashes represent no sequence.
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Generally, transposon elements, such as the Ac in maize, Tam3
in snapdragon, and hobo in Drosophila, share similar TIRs and
also display amino acid sequence identities among their putative
transposases [20]. Moreover, the length of TSDs is almost
always characteristic of a transposon family and reflects the
size of the transposase-mediated staggered endonuclease cut
required for transposon element insertion [1]. The sizes of TSDs
are 3 and 2 bp for Tourist-like MITEs and Stowaway-like
MITEs, respectively. However, the Spring elements presented
in this study have either 7- or 8-bp TSDs. In addition, distal
sequences; e.g., GGGGTGTGTGGATATCACACCCC, at the
3′ end of Spring elements are also palindromic (Fig. 2). To date,
this palindromic characteristic structure of inverted repeats has
not been identified in any previously reported MITEs. Taken
together, these results clearly demonstrate that these apple
Spring elements belong to a novel MITE family.
Currently, only 22 apple genomic clones of various genes
containing either full or partial coding sequences are available
in GenBank. Of these 22 apple genomic DNA sequences, 3
genes contain full-length sequences of Spring elements, and 1
gene has only partial sequences of these Spring elements. This
suggests that the copy number of Spring elements in the apple
genome may be high. Moreover, a pair of primers (Forward, 5′-
AGGGGTGTGCTATCCACACA-3′; reverse, 5′-GGGGTGT-Fig. 5. Analysis of expression profiles of two genes encoding COMT by RT-
PCR. L, leaves; B, buds; FW1, flower buds at the pink stage (first pink); FW2,
flower buds at the balloon stage (full pink); FW3, flowers at full bloom (open
flowers); FR1, young fruitlet I (9 days after pollination (DAP)); FR2, young
fruitlet II (16 DAP); FR3, young fruitlet III (44 DAP); FR4, maturing fruit I
(104 DAP); FR5, ripe fruit (166 DAP). Bottom, loading gel (control) of actin
transcripts for each sample.GATATCCACACAC-3′) has been designed, based on TIR
sequences, and used to screen the apple BAC library. The BAC
library consists of 120 plates (384-well), representing 6× apple
haploid genome equivalents. BAC clones within the same plate
have been mixed to generate a superpool. A total of 120
superpools have been subjected to screening, and 112 pools
were positively amplified. Later, a positive pool was randomly
selected, and individual BAC clones corresponding to the pool
were further subjected to screening. Of 384 BAC clones
screened, 106 clones were positive. This indicates that there is
a high copy number of Spring elements per apple haploid
genome.
Four genomic DNA sequences, i.e., Mdomt1 through
Mdomt4, were isolated in this study. Among these four genes,
Mdomt1 and Mdomt3 show high nucleotide sequence identity.
Likewise, genomic DNA of Mdomt2 and Mdomt4 also exhibits
very high sequence identity. Interestingly, the two gene pairs
Mdomt1/Mdomt3 and Mdomt2/Mdomt4 show 97% identity in
the coding region sequence. Moreover, the two gene pairs share
70%, 96%, and 96% nucleotide sequence identities in introns 1,
2, and 3, respectively. These results clearly demonstrate that the
four genes encoding COMT are most likely derived from a
common ancestor.
All four genes contain a MITE in the promoter region, and
MITEs of the Mdomt1/Mdomt3 pair show 87% nucleotide
sequence identity to those of the Mdomt2/Mdomt4 pair. DNA
sequences 590 bp in size upstream of the MITEs of the
Mdomt1/Mdomt3 pair show ∼65% identity to those upstream of
the MITEs of the Mdomt2/Mdomt4 pair. Therefore, it seems
likely that the ancestor of these four Mdomt genes already
contained a MITE prior to its duplication. In other words,
MITEs of these four genes may be directly generated along with
the process of Mdomt gene amplification in apple. If this
hypothesis is true, then the following question must be
addressed. Why are sequences upstream of the transcript start
site significantly divergent betweenMdomt1 andMdomt2? One
possible explanation may be attributed to the fact that during
DNA replication, slippage may occur, thus resulting in
mispairing of strands, and DNA regions capable of assuming
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error [21]. It has also been documented that hairpin formation
may play a destabilizing role in eukaryotic genomes [22].
Spring elements are capable of forming secondary structures, as
mentioned above (Fig. 3). Moreover, distal sequences of Spring
elements are also capable of forming palindromic hairpin-like
structures. For example, the sequence at the 5′ end of Spring-2,
AAAAGGGGTGTGATATCCACACACCCCTTTT, possesses
a 12-bp terminal inverted repeat (Fig. 2). Also, the two se-
quences GGGGTGTGATATCCACACACCCC and GGGGTG-
TGTGGATAGCACACCCC, at the 5′ and 3′ ends, respectively,
of Spring-1 have an 8-bp terminal inverted repeat (Fig. 2). It is
reasonable to speculate that the observed sequence variations in
the promoter regions of Mdomt1 and Mdomt2 may have
occurred following the duplication of their ancestor. The for-
mation of hairpin-like structures within Spring elements may be
responsible for all these observed sequence variations.
Based on RT-PCR analysis, Mdomt1 and Mdomt2 show
different expression profiles.Mdomt1 is not expressed in young
leaves, while Mdomt2 is expressed in all tissues analyzed. It is
known that the promoter region plays an important role in plant
gene expression; moreover, influences of promoter sequences
on the expression of genes encoding COMT have been reported
in tobacco [23]. Therefore, the different expression profiles ob-
served for Mdomt1 and Mdomt2 may be attributed to sequence
variations in their promoter regions. However, transposon
elements may also alter gene expression patterns by creating
new promoters with altered tissue specificities [24]. Further
work must be conducted to clarify these observed differences in
Mdomt gene expression in apple. It is interesting to add that two
alleles encoding ACC synthase in apple, i.e., ACS1-1 (GenBank
No. U89156) and ACS2-2 (GenBank No. AB010102), have
been isolated [25]. Both alleles contain a MITE Spring-4 at the
3′ UTR. While ACS1-1 is expressed in apple fruit, ACS1-2 is
either slightly expressed or not detected at all in fruit [25]. This
indicates that Spring elements may play only a small role in the
regulation of mRNA stability and alteration of gene expression.
Materials and methods
Genomic and cDNA clones of genes encoding COMT in the apple
An apple expressed sequence tag (EST) database, of over 155,000 5′ single-
pass EST sequences, was constructed in our laboratory (http://titan.biotec.uiuc.
edu/cgi-bin/ESTWebsit/estima_blastui?seqSet=apple). Apple ESTs for COMT
were identified following a BLAST search against our apple EST database using
the sequence of a Comt gene from Rosa chinensis. Two candidate ESTs for
Comt (GenBank Nos. CN444069 and CN444293) were identified, both
containing poly(A) tails, but with different transcription stop sites. Primers
(Forward, 5′-GGCTGACCACTCTACCATTACC-3′; reverse, 5′-TCGAACT-
CCTTCTCCCTC-3′) were designed based on sequences of the two candidate
ESTs and used to screen an apple BAC library. Screening of the BAC library
was carried out according to a PCR-based screening protocol previously
described by Xu et al. [26]. The PCR program consisted of 34 cycles of 30 s at
94°C, 40 s at 65°C, and 1 min at 72°C and a final extension for 10 min at 72°C.
Positive BAC clones were then selected for subcloning, and these were
sequenced using the primer-walking method.
To obtain cDNA sequences missing from the 5′ end of each of the two genes,
rapid amplification of cDNA ends (RACE) was carried out using the BD Smart
RACE Kit (BD Biosciences). The gene-specific primer sequence used was asfollows: 5′-TCAAGCAATGCTCGTCACTCCAGTC-3′. cDNA amplification
was conducted using apple flower RNA as a template, according to the
manufacturer's instructions. Amplification products were separated on 1%
agarose. cDNA fragments were excised from the gel, purified using a QIAEX II
gel extraction kit (Qiagen), and then cloned into a pCRII-TOPO vector using a
TOPO TA cloning kit (Invitrogen).
RT-PCR analysis
Expression of the two genes, designated Mdomt1 and Mdomt2, was inves-
tigated using gene-specific primer pairs. For Mdomt1 and Mdomt2, the
following sets of primer pairs were used: forward, 5′-CGACTGGAGTGAC-
GAGCATTG-3′, reverse, 5′-CACACAACAATACAAAGAGTCATAATTC-3′
and forward, 5′-CTCCCTCTCTC CCCCCACCA-3′, reverse, 5′-CAGAGAG-
AACCAATGGAAGCAC-3′, respectively. RT-PCR analysis was performed as
previously described [27]. The PCR program consisted of 34 cycles of 30 s at
94°C, 30 s at 60°C, and 1 min at 72°C and a final extension at 72°C for 10 min.
Computational analysis
GenBank database searches were performed using various BLAST servers
available via the National Center for Biotechnology Information (http://www.
ncbi.nlm.nih.gov). Multiple sequence alignments were performed using the
online ClustalW program (http://www.ebi.ac.uk/clustalw/). The potential of
these sequences to form secondary structures was analyzed in silico using online
resources (http://www.bioinfo.rpi.edu/applications/hybrid/).Acknowledgments
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